Abstract-We propose a 3-D-printed breast phantom for use in preclinical experimental microwave imaging studies. The phantom is derived from an MRI of a human subject; thus, it is anthropomorphic, and its interior is very similar to an actual distribution of fibroglandular tissues. Adipose tissue in the breast is represented by the solid plastic (printed) regions of the phantom, while fibroglandular tissue is represented by liquid-filled voids in the plastic. The liquid is chosen to provide a biologically relevant dielectric contrast with the printed plastic. Such a phantom enables validation of microwave imaging techniques. We describe the procedure for generating the 3-D-printed breast phantom and present the measured dielectric properties of the 3-D-printed plastic over the frequency range 0.5-3.5 GHz. We also provide an example of a suitable liquid for filling the fibroglandular voids in the plastic.
I. INTRODUCTION

M
ICROWAVE breast imaging via inverse scattering involves reconstructing the distribution of dielectric properties within the breast volume from measured scattered electric fields. The dielectric properties distribution conveys anatomical and functional information about the underlying tissue composition due to the dielectric contrast between different types of tissue in the breast [1] . Quantitative validation is crucial for both development and performance evaluation of microwave breastimaging techniques. Image validation involves comparing the estimated dielectric profile to the actual profile of the object under test in order to ascertain accuracy in the reconstructed values and their spatial distribution throughout the interior of the object.
Clinical imaging with human subjects [2] , [3] provides the most faithful test domain. However, the lack of knowledge of the true in vivo dielectric distribution limits the extent to which microwave imaging techniques may be validated in a clinical setting. Numerical studies using MRI-derived numerical breast phantoms (e.g., [4] - [6] ) serve as a powerful testbed for evaluating imaging techniques, as the reconstructed dielectric profiles can be compared directly and unambiguously to the true object, which is realistic in both dielectric properties and interior structure. Numerical studies do not, however, introduce the complications inherent in experimental imaging, such as imperfect antenna modeling and environmental interference. Realistic experimental breast phantoms are therefore a critical component of preclinical validation of microwave breast-imaging techniques. Several previous studies have reported experimental phantoms that have anthropomorphic exterior surfaces and are constituted by synthetic materials that approximate (to varying degrees of accuracy) the dielectric properties of skin, fibroglandular, and adipose tissue. These phantoms have interiors that are either homogeneous (e.g., adipose-tissue simulant enclosed by a thin layer of skin simulant) [7] , homogeneous except for a target inclusion (e.g., malignant-tissue simulant) [8] , [9] , or heterogeneous [10] - [12] . Heterogeneity is achieved by distributing fibroglandular tissue simulants nonuniformly in the phantom interior. In the examples of [10] and [12] , a high degree of dielectric properties realism is achieved through the use of tissuemimicking oil-in-gelatin dispersions [13] . However, it is difficult to use the phantom construction methods of [10] - [12] to distribute fibroglandular tissue simulants throughout the adipose-tissue simulant in such a way as to realistically mimic the structural complexity of the interior of the breast. Experimental phantoms that provide a more accurate representation of the interior breast structure, even if at the expense of dielectric properties accuracy, will play an important complementary role in validating the ability of microwave imaging strategies to resolve realistic structural features of breast tissue.
Recent advances in three-dimensional (3-D) rapid prototyping technology allow the printing of highly complex plastic objects from precise computer models. In this letter, we propose an MRI-derived 3-D-printed breast phantom for experimental validation of microwave breast imaging. The portion of the model that is printed in plastic corresponds to locations of adipose tissue, while the void in the model corresponds to locations of fibroglandular tissue. Both the exterior and interior of the model are derived from an MRI of a human subject. Thus, the exterior is anthropomorphic, while the interior spatial layout of the void within the plastic is correlated strongly with a realistic distribution of fibroglandular tissue surrounded by adipose tissue. The void is filled with a liquid that provides a biologically relevant dielectric contrast with the plastic-one that mimics the contrast between fibroglandular and adipose 1536-1225/$31.00 © 2012 IEEE tissue. Additionally, the exterior surface of the phantom may be coated with a tissue-mimicking material for skin such as that proposed in [12] and [13] , and a small object may be suspended in the liquid-filled region to mimic a malignant tumor in fibroglandular tissue. The 3-D-printed phantom is thus a promising test object for validating microwave inverse scattering techniques and systems designed for microwave breast imaging. In the following sections, we describe the procedure for constructing the 3-D-printed breast phantom, present the dielectric properties of the 3-D-printed plastic and an example liquid with which to fill the void, and make concluding comments.
II. PHANTOM CONSTRUCTION
The 3-D-printed breast phantom was derived from a heterogeneously dense (Class III in terms of BI-RADS density) numerical breast phantom in the University of Wisconsin Computational Laboratory (UWCEM) breast phantom repository [14] . The numerical phantom is MRI-derived and is thus anthropomorphic and heterogeneous with realistic interior tissue structure. Coronal cross sections through the dielectric profile of the numerical phantom are shown in Fig. 1 (top row) .
Constructing the printed phantom model involves creating a volumetric binary mask that differentiates between solid plastic and air void regions. This requires removing the numerical phantom's skin layer and segmenting the fibroglandular regions from the adipose regions. However, simply thresholding the numerical phantom to identify regions of fibroglandular tissue may lead to the erroneous creation of noncontiguous solid regions that fall out of the phantom and/or to noncontiguous isolated voids that cannot be filled with liquid.
We avoided this problem by convolving the distribution of Debye parameter (static permittivity) with a spherical Gaussian blurring function of variance 25 mm and support radius of 4.5 mm. Fig. 1 (middle row) shows cross sections through the blurred dielectric distribution. We then thresholded the blurred numerical phantom at . Voxels below the threshold (that is, voxels nearest to adipose tissue in dielectric properties) were designated as belonging to the solid part of the model, while voxels above the threshold (that is, voxels nearest to fibroglandular tissues in dielectric properties) were designated as belonging to the void. Cross sections through the resulting binary phantom model are shown in Fig. 1 (bottom row). The binary model is very heterogeneous; the void regions preserve the location and shape of fibroglandular tissue structures in the original phantom, albeit with a slightly reduced spatial resolution. All void regions are contiguous, allowing them to be filled with a single liquid solution.
A slab of dimensions 146 132 5 mm was added to the posterior base of the model. The slab enables positioning the printed breast phantom in a microwave antenna array such as the one described in [15] .
Three-dimensional printers typically require computer models in the form of a series of two-dimensional (2-D) facets that describe the surfaces composing the object to be printed. We used the volumetric binary breast model (e.g., bottom of Fig. 1 ) to generate a series of surface facets representing both the outer surface of the phantom and the surface of the interior void. The facet model was then exported to a Dimension Elite 3-D Printer (Dimension, Inc., Eden Prairie, MN), which printed the phantom using acrylonitrile butadiene styrene (ABS) plastic. The nominal spatial resolution of the 3-D printer is between 0.178 and 0.254 mm, which is at least two orders of magnitude smaller than the wavelength in the UHF band. The printing process took approximately 36 h. Photographs of the resulting 3-D-printed breast phantom prior to filling the air voids with liquid are shown in Fig. 2 . The file exported to the 3-D printer is made available to the scientific community via the UWCEM breast phantom repository at http://uwcem.ece.wisc.edu.
III. DIELECTRIC CHARACTERIZATION OF PHANTOM MATERIALS
Knowledge of the dielectric properties of the materials constituting the phantom is important for quantitative evaluation of the resulting microwave images of the phantom. We characterized the dielectric properties of the 3-D-printed ABS plastic using the technique described in [16] . First, we 3-D-printed a slab of ABS plastic of dimensions 200 100 2 mm . We then fabricated a microstrip transmission line of length 200 mm and width 6 mm on the plastic slab. SMA connectors were soldered to both ends of the transmission line, and -parameter measurements were made using an Agilent E8364 vector network analyzer. Agilent's commercial software package Advanced Design System (ADS) was then used to create a simulated microstrip transmission-line model. The permittivity and loss tangent of the simulated microstrip line were optimized in ADS at 0.5-GHz intervals to obtain a good match between simulation and measurement. The process was repeated for five different transmission lines. The resulting estimated dielectric constant and effective conductivity are plotted in Fig. 3 over the frequency range of interest for quantitative microwave breast tomography (0.5-3.5 GHz). Data points correspond to the mean over the five transmission lines and error bars span the maximum and minimum values. The dielectric constant is around 2.25 across the entire frequency range, while the effective conductivity ranges from a minimum of 1.7 mS/m at 0.75 GHz to a maximum of 5.9 mS/m at 3.25 GHz.
An example of a liquid with which to fill the void is a solution of Triton X-100 surfactant and deionized water. Such solutions have been proposed previously to mimic the dielectric properties of biological tissues [17] . A biologically relevant contrast between the plastic and the solution can be obtained by choosing an appropriate ratio between Triton and deionized water. For demonstrative purposes, we measured the dielectric properties of a 90%-10% solution of Triton and deionized water using the coaxial probe technique described in [18] . The Triton solution has a dielectric constant ranging from about 8.1 at 0.5 GHz to about 5.4 at 3.5 GHz. The effective conductivity ranges from about 71 mS/m at 0.5 GHz to about 390 mS/m at 3.5 GHz. The magnitude of the ratio of intrinsic impedance between the Triton solution and the printed plastic is about 0.58 at 2 GHz. This is comparable to the magnitude of the ratio of intrinsic impedance between 25th-percentile fibroglandular tissue and 75th-percentile adipose tissue at 2 GHz, which is 0.45 using the Cole-Cole models reported in [14] .
IV. CONCLUSION
In this letter, we proposed an MRI-derived, 3-D-printed breast phantom for use in microwave breast-imaging experiments. The interior structure of the phantom is very similar to a realistic distribution of fibroglandular and adipose tissue. The void of the 3-D-printed model can be filled with a dispersive liquid in order to provide a biologically relevant dielectric contrast with the printed plastic, while a small object may be suspended in the liquid to approximate the presence of a tumor in fibroglandular tissue. Microwave images can be compared directly to the 3-D binary model used for printing the phantom, permitting unambiguous coregistration between the phantom interior structure and the reconstructed dielectric profile. Rigorous experimental validation of microwave imaging techniques is made possible with these 3-D printed phantoms due to the availability of the exact structure as well as the dielectric properties, as characterized here.
